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(57) ABSTRACT

The present imnvention achieves the benefits of the improved
joint detector previously disclosed with significantly less
computation by, first, moving the backward substitution
computation outside the detector’s decoding iteration loop
and, second, by moving the input buffer inside the iteration
loop. The backward substitution computation 1s performed
initially as part of a joint detection equalization stage prior
to entering the decode 1teration loop. Then with each decode
iteration, the present invention generates a correction signal
that 1s subtracted from the present input signal to produce the
next mput signal. Each correction signal 1s generated from
a series of differences between the decoded symbols of the
current 1iteration and those 1n the previous iteration. Thus, the
present mvention achieves the same performance 1improve-
ment over conventional joint detectors as the improved joint
detector previously disclosed but with dramatically less
computational requirements.

16 Claims, 4 Drawing Sheets
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METHOD AND APPARATUS FOR JOINT
DETECTION OF A CODED SIGNAL IN A
CDMA SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATTION

This application 1s related to two co-pending applications,
“TURBO DECODER WITH DECISION FEEDBACK
EQUALIZATION”, Ser. No. 09/563,064, filed on Apr. 24,
2000, now U.S. Pat. No. 6,307,901 B1, and “METHOD
AND APPARATUS FOR JOINT DETECTION OF A
CODED SIGNALIN A CDMASYSTEM?”, Ser. No. 09/798,
305, filed on Mar. 2, 2001, both assigned to the assignee of
the present application, which prior applications are hereby
incorporated by reference verbatim, with the same effect as
though the prior applications were fully and completely set
forth herein.

FIELD OF THE INVENTION

The present invention relates generally to communication
systems and, 1n particular, to joint detection of a coded
signal m a CDMA system.

BACKGROUND OF THE INVENTION

FIG. 1 depicts a discrete time baseband model 100 of a
known CDMA system that supports K block transmission
users. These users have simultaneous access to the same
physical, frequency-defined channel and transmit data block
by block, each block having N symbols. Each user, 1
through K, has a sequence of information bits, d’ through
d¥’ to be transmitted. Each user’s sequence is first turbo
encoded and mapped to channel symbol sequences sV
through s respectively. These channel symbol sequences
are then spread by their corresponding code C'* through
C% ) each of which has Q random chips, and passed through
their corresponding channel, characterized by impulse
responses h'? through h'® with W taps at chip level. For
simplicity, it 1s assumed that this system uses BPSK
modulation, so s‘*’ through s’ are sequences of 1 and -1,

and the physical channel 1s an additive white Gaussian noise
(AWGN) channel.

At the recelve end, the received signal r can be expressed:

S(MC(M @h(k} + i1

P
Il

|

1
e

S+ i

where r 1s a summation of K sequences and n represents
channel noise, each of the length (NQ+W-1). Ais a (NQ+
W-1) by NK matrix consisting of:

* ) ﬂQ+W—1(k))=C(@ @ H

and s 1s a composite symbol vector combining all symbols
of the K users and arranged in the following order:

aP=(a,®, a.®, .

(L

S=(51(1)951(2): - 151(@:51(1)552(2): - 353 AL

s, L s N

5,

where T denotes the transposition operation. The received
signal r 1s passed through a bank of matched filters, each one
matches a'®. The output of the matched filter bank, vy, is a
minimum suificient statistic of transmitted signals for all K
users and can be expressed as:

y=A"r=A"As+z=Rs+z
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2

where vy, s, and z are NK by 1 vectors, and R 1s an NK by
NK block toeplitz matrix. By using Cholesky factorization,
R can be written as:

R=LL"=L DL "

where L 1s a lower triangular matrix, L denotes a normal-
1zed L 1n which all elements of the diagonal are ones, and D
represents a diagonal matrix.

Joint detection i1s known to be an optimal receiver for
CDMA systems. One well-known joint detector 1s 1mple-
mented using a zero-forcing block linear equalizer (ZF-
BLE). Its output may be expressed as:

SzF_BI E=R_1y =L "L~ 1}’ =L,, DL _1}’

In practice, inversion of lower and upper triangular matrices
can be achieved by forward and backward substitution.
Therefore, by using Cholesky factorization, no actual matrix
inversion 1s needed for joint detection. Another well-known
joint detection technique, zero-forcing block decision feed-
back equalization (ZF-BDFE), is derived from ZF-BLE by
using quantized previous samples, according to the symbol
alphabet, 1n the backward substitution corresponding to the
operation of L, .

With regard to performance, ZF-BLE joimnt detection
suffers from noise enhancement and thus performs very
poorly 1 bad channel conditions where frequency response
has a deep notch. ZF-BDFE joint detection does not have
this drawback and therefore usually outperforms ZF-BLE
joint detection. However, since the hard decision 1n conven-
tional ZF-BDFE joint detection 1s generated by a simple
slicer, the performance of ZF-BDFE joint detection will also
degrade if the received signal-to-noise-ratio (SNR) is low.
Unfortunately, turbo encoded signaling, which will be used
in 3’ generation (3G) mobile systems, exhibits a low SNR.
The 1mproved joint detector disclosed 1n the co-pending
application “METHOD AND APPARATUS FOR JOINT
DETECTION OF A CODED SIGNAL IN A CDMA
SYSTEM?”, Ser. No. 09/798,305, filed on Mar. 2, 2001,
successfully addresses these deficiencies and provides at
least a 1 dB improvement over these conventional joint
detectors.

However, the mmproved joimnt detector achieves these
performance 1mprovements at the cost of computational
complexity. For example, for turbo decoding that requires
cight 1terations, the i1mproved joint detector requires
approximately 4 times the computation of the conventional
joint detectors. In practice, devices with greater computa-
fional requirements cost more to manufacture and have
orecater energy needs than devices requiring less computa-
tion. Thus, a method and apparatus for joint detection that
achieves the benefits of the improved joint detector without
the 1ncreased computational requirements 1s needed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a discrete time baseband model of a known
CDMA system that supports K block transmission users.

FIG. 2 1s a block diagram depiction of a joint detector 1n
accordance with a preferred embodiment of the present
invention.

FIG. 3 15 a logic flow diagram of steps executed by a joint
detector 1n accordance with the preferred embodiment of the

present 1nvention.

FIG. 4 1s a graph comparing bit error rates of joint
detection by prior art techniques to those of the preferred
embodiment of the present invention.
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DESCRIPTION OF A PREFERRED
EMBODIMENT

The present i1nvention achieves the benefits of the
improved joint detector disclosed 1n the co-pending appli-
cation “METHOD AND APPARATUS FOR JOINT
DETECTION OF A CODED SIGNAL IN A CDMA
SYSTEM,” Ser. No.09/798,305,filed on Mar. 2, 2001 with
significantly less computation by, first, moving the backward
substitution computation outside the detector’s decoding
iteration loop and, second, by moving the input buffer inside
the 1teration loop. The backward substitution computation 1s
performed 1nitially as part of a joint detection equalization
stage prior to entering the decode iteration loop. Then with
cach decode 1iteration, the present invention genecrates a
correction signal that 1s subtracted from the present input
signal to produce the next input signal. Each correction
signal 1s generated from a series of differences between the
decoded symbols of the current iteration and those 1n the
previous 1teration. Thus, the present invention achieves the
same performance 1mprovement over conventional joint
detectors as the improved joint detector previously disclosed
but with dramatically less computational requirements.

The present mvention encompasses a method for joint
detection of a coded mput signal in CDMA system. The
method comprises demultiplexing a first decoder mput sig-
nal to produce a first plurality of decoder input signal
portions, each of which corresponds to a decoder of a
plurality of decoders and decoding, by each decoder of the
plurality of decoders, the corresponding decoder input signal
portion to produce a current set of recovered symbols. A
previous set of recovered symbols are subtracted from the
current set of recovered symbols to produce a symbol
difference. A correction signal 1s generated from the symbol
difference and subtracted from the first decoder input signal
to produce a second decoder input signal. The second
decoder input signal then 1s demultiplexed to produce a
second plurality of decoder input signal portions, each of
which corresponds to a decoder of the plurality of decoders.
The corresponding decoder input signal portion of the
second plurality of decoder input signal portions 1s decoded
by each decoder to produce a subsequent set of recovered
symbols.

The present invention also encompasses a joint detector
apparatus. This apparatus comprises a decoder input buffer
capable of storing a decoder mput signal and a plurality of
decoders, wherein each decoder 1s capable of decoding a
portion of the decoder input signal to produce recovered
symbols. The apparatus also comprises a demultiplexer,
coupled to the decoder input buffer and the plurality of
decoders, capable of feeding each portion of the decoder
input signal to a corresponding decoder of the plurality of
decoders, a recovered symbol buffer, coupled to the plurality
of decoders, capable of storing previously recovered
symbols, and a correction signal generator, coupled to the
recovered symbol buffer and the turbo decoder input buifer,
capable of generating a second decoder input signal from the
recovered symbols and the previously recovered symbols.

The present 1nvention can be more fully understood with
reference to FIGS. 2 and 3. FIG. 2 1s a block diagram
depiction of a joint detector 1n accordance with a preferred
embodiment of the present invention. Filtered signal 201 1s
preferably the output of a matched filter bank and corre-
sponds to y, as defined above. In the preferred embodiment,
feed-forward equalizer 205 comprises functionality of a
conventional BDFE as shown in FIG. 2. Alternatively, other
conventional jomnt detector equalization techniques such as
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4

linear equalization, minimum-mean-square-error-based
equalization, or cochannel interference cancellation may be
used instead. The output of equalizer 205, 1n which precur-
sor ISI and MAI 1s cancelled, 1s used as the mput signal of
the decode 1teration loop 200. This mput signal preferably
comprises a super block of samples, where each sub-block
corresponds to a turbo code frame of a user. The mput buifer
210 stores a super block of samples at a time. Thus, 1f K
users having the same bit rate and using the same turbo
encoder are assumed, then the input butfer 210 stores a super
block of samples which correspond to K turbo code frames
for K users.

The present 1nvention employs multiple decoders that
cach decode a portion of the decoder input signal. Demul-
tiplexer 220 feeds each portion of the decoder mnput signal
to a corresponding decoder. In the preferred embodiment,
the all-bit turbo decoder pool 230 consists of a number of
all-bit turbo decoders that can decode the K turbo code
frames 1n a given time. These all-bit turbo decoders are
modified conventional turbo decoders that can generate all
coded bits with slightly more computation than conventional
turbo decoders (see co-pending application, “TURBO
DECODER WITH DECISION FEEDBACK
EQUALIZATION?). These all-bit turbo decoders decode all
bits of the corresponding decoder input signal portion (i.c.,
the individual turbo code frames) to produce recovered
symbols.

Multiplexer 235 preferably multiplexes the decoder out-
put from decoder pool 230 to each memory element of
recovered symbol buffer 240, which stores the recovered
symbols produced by decoder pool 230. Preferably, the
length of recovered symbol buffer 240 1s the total number of
symbols corresponding to the super block stored in 1nput
buffer 210. Each memory element 1n the recovered symbol
buffer preferably only holds the most reliable hard decision
of that symbol (i.e., a “1” or “~17), which in practice is
assoclated with the most recent iteration and 1s assigned for
a particular symbol as follows:

’ Sl(K):SE( 1):52(2)
5y )

(51(1)551(2): L JSE(K): 53(1)

(1)

SKM s v v

: [ ] [ ] ] : ] ] [ ] J

where M 1s the turbo code frame length. In other words, a
particular all-bit turbo decoder output i1s stored 1n a fixed
memory element (a 1 bit element) and the content of the
memory element 1s updated for each iteration.

Preferably, delay element 260 and symbol subtractor 250
are included between multiplexer 235 and recovered symbol
buffer 240. Delay eclement 260 ensures that before the
decoder pool recovered symbols of the present iteration are
stored 1n recovered symbol buffer 240, symbol subtractor
250 subtracts the previously recovered symbol stored in
recovered symbol buffer 240 from the recovered symbol to
produce a symbol difference. After this subtraction occurs,
the recovered symbols are stored 1n recovered symbol butfer
240 for use 1n the next decode 1teration. For the first decode
iteration, recovered symbol buifer 240 preferably contains
all zeros.

Finally, to complete the present iteration, correction signal
generator 270 generates a correction signal from the symbol
difference and subtracts this correction signal from the
previous decoder 1input signal in mput butfer 210 to generate
the decoder 1nput signal for the following decode iteration,
which overwrites the previous decoder 1nput signal in input
buffer 210. Clearly, this preferred embodiment of the present
invention can continue to perform as many iterations as are
required to decode the mput signal. Turbo coded signals, for
example, typically require eight iterations.
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A somewhat more rigorous expression ol preferred
decode 1iteration loop 200 follows. The input to decode
iteration loop 200 can be expressed as x=y'-Ts, where
T=L,“-I is a banded upper triangular matrix, y'=(y',,y', . .
LY ) and s=(s4,S,, . . . ,Sx,)" are samples and detected
symbols of K turbo code frames for K users, respectively.
Assume T is band limited within 2K, that is t; =0 for all j=1
and 1=21+2K, the mput to turbo decoders can be written as

— Ir — — — —
X1=Y 1=l 25— 353— « -« —l1 oS0

ot
Xo=Y'o—ly 3531 454— + « « o 152K41

— Ir_ — — —
X=V it i1Si1 b eoSino— - o - ~hiogsic1 Soxwioa

— ! —_—

Xxar—1=Y xmr—1— xne—1 kS K
1

XEM™Y KnM

Here y' 1s a constant vector and x and s are variable vectors
that may change as the turbo decoding iteration progress. In
fact, x and s correspond to the contents of input buffer 210
and recovered symbol buifer 240 during the decode 1tera-
tions of filtered signal 201, y. Therefore, the difference x,
between the current iteration and the previous iteration can
be expressed as

I [ I o I I ()
—X; =_r.i,.i+1(5.i+1 —Sir1 )_I.i,.i+2(5.i+2 _S.i+20)_rf,2ﬁf+i—1 ~Sogcri1 )

and the current 1nput 1s expressed as

fl o Fl o fl o Fl o
X=X 1 (St =S )t 2 Sid =S )t okvicd ~Skcrica’)

where superscript “n” and “o” stand for new and old. As the
turbo decoding iteration progresses, s;” and s;” tend to be the
same. S0 X.°—Xx.”. Because of the convergency property of
turbo decoding, the majority of (s,”,s,°) pairs are the same
after the first 1teration. The maximum number of discrep-
ancies 1s usually less than 15% of total samples and becomes
smaller and smaller with each iteration. Correction signals
are generated only for those pairs of (s,”,s,) that s, and s,”
are different. Specifically, for each discrepancy pair (s;”,s,°),
at most 2K-1 correction signals are generated as t;_; (s;"-
$;7)s Lo (87 =8,°), . . ., bk 1 A87—S°), subtracted sepa-
rately from x._.°, X, ,°, ..., X, -z., and stored 1 1nput
buffer 210 for the next 1teration.

FIG. 3 1s a logic flow diagram 300 of steps executed by
a joint detector in accordance with the preferred embodi-
ment of the present invention. The logic flow preferably
begins (301) with the step of equalizing (302) a coded input
signal with a block decision feedback equalizer to produce
the first decoder input signal. This mput signal i1s stored
(303) in a turbo decoder input buffer and demultiplexed
(304) to produce a first group of decoder input signal
portions. Each of these signal portions then is decoded (305)
by one of the decoders 1n the pool of decoders and multi-
plexed (307) to produce a current set of recovered symbols.

Before being stored 1n a recovered symbol buffer, these
recovered symbols have the set of previously recovered
symbols subtracted (308) from them to produce a symbol
difference. A correction signal is generated (309) from this
symbol difference and subtracted (310) from the first
decoder mput signal to produce a second decoder input
signal. At this point, the logic flow returns to step 303 to
begin a subsequent 1iteration. The second input signal 1s
stored (303) in the input buffer, demultiplexed (304), and
decoded (305). Step 306 is shown to illustrate that this cycle
of iterations stops (311) when the decoding is complete. In
the preferred embodiment where the decoders are turbo
decoders, the decoding 1s complete after eight 1terations, for
example.
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FIG. 4 1s a graph comparing bit error rates of conventional
joint detection by prior art techniques to those of the
preferred embodiment of the present invention. Specifically,
the graph shows simulation results for 15 turbo-coded users
(i.e., K=15 with the decoding terminated at the 8” iteration)
for conventional DFE (i.e., ZF-BDFE joint detection) and
conventional LE (i.e., ZF-BLE joint detection) as compared
to the new scheme (i.e., the preferred embodiment of the
present invention). The results show that the preferred
embodiment outperforms ZF-BDFE joint detection (with

turbo decoder) by more than 1 dB and ZF-BLE joint
detection (with turbo decoder) by more than 3 dB.

These are the same 1mprovements achieved by the
improved joint detector disclosed 1n the co-pending appli-

cation “METHOD AND APPARATUS FOR JOINT
DETECTION OF A CODED SIGNAL IN A CDMA
SYSTEM?”, Ser. No. 09/798,305, filed on Mar. 2, 2001.
However, the present invention 1s significantly less compu-
tationally complex than the improved joint detector. For
relatively high Eb/No signals, 4 dB or more, for example,
the present invention only requires 3% of the computation
required by the improved joint detector to achieve a frame
error rate of 0.001.

While the present invention has been particularly shown
and described with reference to particular embodiments
thereof, it will be understood by those skilled in the art that
various changes 1n form and details may be made therein
without departing from the spirit and scope of the present
invention.

What 1s claimed 1s:

1. A method for joint detection of a coded mput signal in
CDMA system comprising;

demultiplexing a first decoder input signal to produce a
first plurality of decoder input signal portions, each of
which corresponds to a decoder of a plurality of decod-
€IS,

decoding, by each decoder of the plurality of decoders,
the corresponding decoder 1nput signal portion of the

first plurality of decoder input signal portions to pro-
duce a current set of recovered symbols;

subtracting a previous set of recovered symbols from the
current set of recovered symbols to produce a symbol
difference;

generating a correction signal from the symbol difference;

subtracting the correction signal from the first decoder
input signal to produce a second decoder mnput signal;

demultiplexing the second decoder input signal to pro-
duce a second plurality of decoder input signal
portions, each of which corresponds to a decoder of the
plurality of decoders;

decoding, by each decoder of the plurality of decoders,
the corresponding decoder input signal portion of the
second plurality of decoder input signal portions to
produce a subsequent set of recovered symbols.

2. The method of claim 1 further comprising the step of
equalizing a coded iput signal with a block decision
feedback equalizer to produce the first decoder mput signal.

3. The method of claim 1 further comprising the step of
storing the first decoder 1input signal 1in a decoder input buifer
prior to the step of demultiplexing the first decoder input
signal.

4. The method of claim 1 wherein the step of decoding to
produce the current set of recovered symbols comprises the
step of multiplexing decoder output of the plurality of
decoders to produce the current set of recovered symbols.

5. The method of claim 4 further comprising the step of
storing, subsequent to the step of subtracting the previous set
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of recovered symbols from the current set of recovered
symbols, the current set of recovered symbols, s, n a
recovered symbol buffer in the following order:

(5,05,

2

(L)

SKM § = om

=) 51 (K):SE( 1):52(2)
(KT))

PRCOIC

: [ ] ] ] .? : ] [ ] [ ] J

" JSKM

wherein M 1s the length of code frames 1n the first decoder
input signal and K 1s the number of code frames in the first
decoder 1nput signal.

6. The method of claim 1 further comprising the step of
storing the second decoder input signal 1n a decoder 1nput
buflfer prior to the step of demultiplexing the second decoder
input signal.

7. The method of claim 1 wherein the plurality of decod-
ers comprises an all-bit turbo decoder that decodes all bits of
the corresponding decoder input signal portion.

8. A CDMA joint detector apparatus comprising:

a decoder 1nput buffer capable of storing a decoder 1nput
signal;
a plurality of decoders, wherein each decoder 1s capable

of decoding a portion of the decoder mput signal to
produce recovered symbols;

a demultiplexer, coupled to the decoder input buffer and
the plurality of decoders, capable of feeding each
portion of the decoder 1nput signal to a corresponding
decoder of the plurality of decoders;

a recovered symbol buffer, coupled to the plurality of
decoders, capable of storing previously recovered sym-

bols; and

a correction signal generator, coupled to the recovered
symbol buffer and the decoder mput buffer, capable of
generating a second decoder iput signal from the
recovered symbols and the previously recovered sym-
bols.

9. The apparatus of claim 8 further comprising a block

decision feedback equalizer capable of generating a first
decoder 1nput signal.

10

15

20

25

30

35

3

10. The apparatus of claim 8 further comprising a symbol
subtractor, coupled to the recovered symbol buffer and the
correction signal generator, capable of subtracting the pre-
viously recovered symbols from the recovered symbols to
produce a symbol difference.

11. The apparatus of claim 10 wherein the correction
signal generator 1s capable of using the symbol difference to
generate a correction signal and capable of subtracting the
correction signal from the decoder input signal to generate
the second decoder 1nput signal.

12. The apparatus of claim 8 wherein the plurality of
decoders comprises decoders selected from the group of
decoders consisting of a turbo decoder, a convolutional
decoder, and a reed-solomon decoder.

13. The apparatus of claim 8 wherein the plurality of
decoders comprises an all-bit turbo decoder that decodes all
bits of the corresponding decoder nput signal portion.

14. The apparatus of claim 8 wherein the decoder input
bufler 1s capable of storing a super block of samples, each
of which corresponds to a turbo code frame of a different
signal component of the decoder input signal.

15. The apparatus of claam 8 further comprising a
multiplexer, coupled to the plurality of decoders and the
recovered symbol buifer, capable of multiplexing decoder
output from the plurality of decoders to each memory
clement of the recovered symbol bulifer.

16. The apparatus of claim 15 wherein each memory
clement of the recovered symbol bulfer 1s assigned for a
particular symbol 1n the following order:

(51(1)551(2): = e 151( 352(1)
(1) 50, 0)
= P KA

SKM n o= om

e PRCRPRC

: : [ ] [ ] ] .? : ] ] [ ] j

wherein M 1s the length of code frames 1n the decoder input
signal and K 1s the number of code frames 1n the decoder
input signal.
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